Objective: To determine the influence of gestational age and fetal growth restriction on the cord blood adipokine profile, IGF1, and ghrelin levels, and their relationship with glucose metabolism. Study design: One hundred and ninety newborns (99 preterm and 91 full term) were studied and, according to their anthropometry at birth, classified as small (SGA) or adequate for gestational age (AGA). Methods: Venous cord blood serum levels of IGF1, IGF binding protein 3 (IGFBP-3), adiponectin, resistin, leptin, soluble leptin receptor (sOB-R), tumoral necrosis factor-a, interleukin 6 (IL-6), total ghrelin, and acylated ghrelin were determined and compared between preterm and full-term, as well as between SGA and AGA, newborns. Correlations with newborn weight, gestational age, and homeostatic model assessment (HOMA) index, as an index of insulin resistance, were determined. Results: Preterm newborns had higher HOMA, sOB-R, resistin, and IL-6 and lower IGF1, IGFBP-3, leptin, and adiponectin levels than full-term newborns. SGA had lower IGF1, IGFBP-3, leptin, IL-6, and adiponectin and higher sOB-R and total ghrelin than AGA newborns. Adiponectin and HOMA showed independent positive and negative correlations with gestational age respectively, but not with neonatal weight. Birth weight was correlated positively with IGF1 and leptin levels and negatively with total ghrelin ones. Conclusions: Our findings suggest that the lack of proper acquisition of adipose tissue by the fetus either due to prematurity or to fetal growth restriction is associated with changes in the cord blood adipokine profile that may contribute to the impairment of glucose metabolism.
Introduction
Adipokines, peptides produced mainly by adipose tissue (AT), in addition to peptides produced from the digestive tract, play critical roles in energy homeostasis and metabolic regulation. Thus, the interest in AT as an active player in energy balance control has substantially increased in recent years (1, 2).
Intrauterine life is an especially interesting developmental stage, as fetal AT maturation, mainly taking place in the second trimester of gestation, and its later accumulation during the third trimester (3) are key factors for the correct functionality of this tissue. AT is essential for lipid and, more importantly, glucose metabolism, as the latter is severely impaired in lipodystrophy when AT is lacking, as well as in obesity when there is an excess (4). The adipokine expression profile evolves in parallel with adipogenic cellular maturation; thus, leptin is secreted in late stages and adiponectin only by fully differentiated adipocytes (5). Hence, fetal serum adipokine levels are potential markers of the degree of development and amount of AT, which determine adipokine secretion rate and, thus, potential physiological activity.
Adipokines are secreted by both adipocytes and the mononuclear cells in the stromal vascular fraction of AT (1). Among these, leptin and adiponectin are mainly, if not specifically (adiponectin), produced by adipocytes with their synthesis and release rates influenced by adipocyte morphology, functional status, and triglyceride content (1, 2). These two adipokines act through specific receptors on target tissues, while a circulating soluble leptin receptor (sOB-R) is suggested to modulate leptin signaling (6) . Indeed, the leptin/sOB-R system is a key element in energy homeostasis, constituting the main peripheral signal of AT accumulation (1). Adiponectin plays an important role in carbohydrate metabolism, favoring peripheral insulin-induced glucose uptake (2), although precise evidence of this role in the fetal period is lacking.
Resistin, interleukin 6 (IL-6), and tumoral necrosis factor-a (TNF-a) represent some of the proinflammatory adipokines released by AT. These factors are mainly produced by mononuclear cells in the adipose stromal fraction (7) and are assumed to act primarily in an auto-or paracrine fashion. However, AT contributes significantly to the circulating levels of some proinflammatory adipokines, for example IL-6, where up to one-third of its circulating levels is derived from AT (2). In vitro and in vivo studies in later stages of life have shown how these proinflammatory molecules are involved in the development of resistance to insulininduced glucose uptake (8) .
The role of insulin-like growth factors (IGFs) and their binding proteins (IGFBPs), mainly produced by the liver, in prenatal growth is well known (9) . The oxyntic cells in the stomach mucosa are the main source of ghrelin, which acts as an endogenous secretagogue of GH and also plays a major role in hypothalamic control of energy homeostasis (2). Ghrelin undergoes posttransductional Ser3 octanoylation to produce acyl ghrelin, with ability to bind its specific GHS-1A receptor in the hypothalamus and peripheral tissues (10) . This influence of ghrelin on energy homeostasis and the GH/IGF axis raises the possibility of its involvement in prenatal growth.
Gestational age and prenatal growth play a fundamental role in AT maturation and accumulation, which influence the adipokine secretion profile. Thus, both prematurity and fetal growth restriction interfere with the correct acquisition of AT by the fetus and could disturb its metabolic functions and endocrine secretions, thereby limiting the metabolic adaptation of premature or fetal growth-restricted newborns to extrauterine life. Indeed, the minimal AT existing in extremely preterm or growth-restricted infants seems to contribute to the generation of insulin resistance and impaired carbohydrate metabolism, making insulin therapy often necessary (11) . Moreover, children born preterm or small for gestational age (SGA) are prone to the development of obesity, insulin resistance, and associated metabolic disturbances in later stages of life (12) .
Our aims in this study were: i) to evaluate the influence of gestational age on AT maturation and accumulation by simultaneously comparing IGF1, IGFBP-3, leptin, sOB-R, adiponectin, resistin, TNF-a, IL-6, and total and acylated ghrelin cord blood serum levels between preterm (PTN) and full-term newborns (FTN); ii) to study the influence of fetal growth restriction on the development of AT by comparing the same parameters between infants born SGA or with an anthropometry adequate for gestational age (AGA); iii) to analyze the relationships between adipokine and ghrelin levels and glucose and insulin concentrations and homeostatic model assessment (HOMA) index.
Patients and methods
Venous cord blood samples from 190 newborns (95 females and 95 males) were collected in the Department of Neonatology of the Hospital Infantil Universitario La Paz (Madrid, Spain). According to their gestational age at delivery, 91 (47.9%) were FTN (gestational age R37 weeks; mean 39.28G1.14, range 37.0-41.4 weeks) and 99 (52.1%) were PTN (gestational age !37 weeks; mean 29.14G2.99; range 22.0-36.0 weeks), with 78 out of the 99 PTNs (79%) below 32 weeks of gestational age. All babies were born after uncomplicated pregnancies and were otherwise healthy. Birth weight and length at delivery were recorded and standardized according to national references (13) . No anthropometric standards were available for infants below 26 weeks gestational age (nZ13), and exclusively raw data were used in these cases. Rohrer's ponderal index was calculated as weight (g)!100/(length (cm)) 3 . Those newborns from single pregnancies whose birth weight and/or length were below K2 SDS for gestational age and sex were classified as SGA for later comparison with AGA newborns (nZ141). Out of the 190 newborns, 29 (15.3%) matched the criteria for SGA diagnosis according to their weight (nZ3), length (nZ19), or both (nZ7). Twenty-two SGA newborns were PTN (75.9%) and seven were FTN (24.1%). Only seven babies were classified as large for gestational age (weight or length O2 SDS). The characteristics of the studied population are detailed in Table 1 .
All parents were informed about the purpose of the study and gave informed consent as required by the local ethics committee, which had previously approved the study.
Biochemical measurements
Blood glucose concentration was immediately quantified, whereas serum specimens were collected after the blood sample was allowed to clot and centrifuged at 4 8C. Serum was collected in a dry tube, separating and acidifying an aliquot in an independent tube according to the manufacturer's instructions for acylated ghrelin determination (LINCO Research, Inc., St Charles, MO, USA) and then storing both tubes at K80 8C until assayed. Commercial RIA from LINCO Research, Inc. were used to measure insulin, leptin, adiponectin, total, and acylated ghrelin levels, and from Mediagnost Inc. (Reutlingen, Germany) to determine IGF1 and IGFBP-3 levels. Commercial enzyme immunoassays were used to quantify sOB-R (Biovendor, Brno, Czech Republic), resistin (LINCO Research, Inc.), IL-6, and TNF-a (Quantikine HS; R&D Systems, Inc., Minneapolis, MN, USA) levels, following the manufacturer's protocols and as previously reported (14, 15) . Sensitivity limit, intra-, and interassay variation coefficients for each peptide were as follows: leptin (0.5 ng/ml; 4.8 and 4.5%); sOB-R (0.4 ng/ml; 8.4 and 6.7%); adiponectin (1 mg/ml; 3.8 and 9.8%); resistin (0.16 ng/ml; 4.5 and 7.4%); IL-6 (0.04 pg/ml; 7.4 and 7.8%); TNF-a (0.12 pg/ml; 6.6 and 10%); total ghrelin (93 pg/ml; 6.4 and 9.8%); acylated ghrelin (7.8 pg/ml; 7.4 and 9.3%); IGF1 (0.1 ng/ml.; 4.8 and 7.4%); IGFBP-3 (0.5 mg/ml; 7.5 and 9%); insulin (0.2 mU/ml; 6.2 and 8.1%).
Free leptin index and HOMA index were calculated according to the formulas leptin (ng/ml)/sOB-R (ng/ml) and glucose (mmol/l)!insulin (mU/ml)/22.5 respectively.
Statistical analysis
All data are reported as the meanGS.D. (or SDS for population-standardized parameters). Student's t-test was used to compare normal parametric variables, whereas Mann-Whitney's U-test was used for comparison of non-normally distributed variables (IL-6, TNF-a, resistin, and acylated ghrelin) between independent groups. The relationships between quantitative variables were studied by correlation analyses (Pearson's r for normally skewed variables and Spearman's r for non-normal ones) followed by Bonferroni correction. Partial correlation (controlling for estimated confounding factors) and simple lineal regression analysis were performed when specified. A value of P!0.05 was chosen as the level of significance, reducing it according to Bonferroni correction method when applied in correlation analyses. Statistical analyses were performed using SPSS 11.0 software for Windows (MapInfo Corporation, Troy, NY, USA).
Results

Adipokine and ghrelin levels according to sex
No differences in any adipokine, total, or acylated ghrelin levels were found between sexes; however, males had higher sOB-R levels than females (25.39G15.52 vs 20.98G12.37 ng/ml; P!0.05).
When the comparison between genders was performed exclusively in FTN, males were found to have higher sOB-R levels (20.07G8.54 vs 14.97 G5.92 ng/ml; P!0.001) and lower leptin levels and free leptin index than females (9.88G7.68 vs 13.62 G8.55 ng/ml; P!0.05 and 0.65G0.62 vs 1.12 G0.89 ng/ml; P!0.01 respectively). When the comparison was performed only for PTN, males showed lower adiponectin levels than females (7.76G4.56 vs 12.45G8.33 mg/ml; P!0.001), with neither sexrelated differences in leptin, sOB-R nor in any other adipokine or ghrelin levels.
Adipokine and ghrelin levels according to gestational age
All of the studied adipokines, acylated and total ghrelin, IGF1, and IGFBP-3 were detectable and their concentration could be quantified at any gestational age (range 22.0-41.4 weeks). When comparing adipokine and ghrelin concentrations between FTN and PTN, we found that PTN had higher sOB-R, resistin, and IL-6 concentrations than FTN, whereas the latter had higher leptin, adiponectin, IGF1 and IGFBP-3 levels, and free leptin index than PTN (Fig. 1) . In contrast, no significant differences between PTN and FTN were found in TNF-a (2.70G1.36 vs 2.70G0.72 pg/ml), total (1211G668 vs 1199G526 pg/ml), or acylated ghrelin (146G97 vs 137G100 pg/ml) levels. Additionally, PTN had higher glucose (72.76G28.80 vs 65.28G15.84; P!0.05) and insulin levels (9.25G12.29 vs 4.68G3.86; P!0.001) as well as HOMA index (2.29G4.44 vs 0.79G0.87; P!0.01) than FTN.
Gestational age was positively correlated with leptin, adiponectin, IGF1, and IGFBP-3 levels and negatively correlated with glucose, insulin, resistin, sOB-R and IL-6 levels, and HOMA index, although the significance in the correlation with glucose levels was lost after applying the Bonferroni adjustment. No correlation was found between gestational age and TNF-a, total, or acylated ghrelin. When these correlations were performed controlling for the potentially confounding effect of the weight of the newborn in normally distributed variables, gestational age sustained a positive correlation with adiponectin levels (Fig. 2) , as (weakly) did with insulin and HOMA (Table 2) . A simple linear regression analysis was performed predicting serum adiponectin levels (dependent variable) based on their gestational age (independent variable). A significant regression equation was found (F(1,185)Z398.7, P!0.001) with an adjusted R square of 0.683.
Adipokine and ghrelin levels according to anthropometry
SGA newborns showed lower levels of IGF1, IGFBP-3, leptin, adiponectin, IL-6, and free leptin index than AGA newborns. In contrast, their sOB-R and total ghrelin levels were higher. No differences between these groups were found in the remaining studied parameters (Fig. 3) .
To investigate the eventual correlations between the studied parameters and newborn anthropometry excluding the influence of gestational age, partial correlations controlling for gestational age were studied for ponderal index and weight in normally distributed variables. No significant independent correlation between any of the studied molecules and ponderal index was found after controlling for gestational age.
In contrast, standardized birth weight for GA (SDS) was positively correlated with IGF1 (rZC0.24; P!0.001), IGFBP-3 (rZC0.38; P!0.001), and leptin (rZC0.24; P!0.001), and negatively with sOB-R (rZK0.25; P!0.001) and total ghrelin (rZK0.27; P!0.001). However, a positive correlation between GA and standardized birth weight (SDS) was observed (rZC0.23; P!0.01). Thus, when partial correlation studies, controlling for GA, were performed, newborn weight (g) was independent and positively correlated with IGF1 (rZC0.29; P!0.01) and leptin (rZC0.23; P!0.01) levels as well as with free leptin index (rZC0.26; P!0.01), and negatively correlated with total ghrelin levels (rZK0.25; P!0.01). No correlation with newborn weight was found for any of the other peptides studied, or for glucose, insulin and HOMA index.
Correlations between the studied parameters
Partial correlations between the studied parameters with normal distribution controlling for both gestational age and body weight were performed. IGF1 levels were correlated positively with IGFBP-3 (rZC0.63; P!0.001) and negatively with total ghrelin levels (rZK0.19; P!0.05). Spearman's r-test followed by Bonferroni correction showed that also resistin, IL-6, and TNF-a levels showed positive correlations with each other's levels (Table 3) . Finally, no significant correlations were found individually between HOMA index, glucose, and insulin levels with any of the studied peptides. 
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Discussion
This study indicates that the studied peptides mainly secreted from AT (adipokines), stomach (ghrelin), and liver (IGF1 and IGFBP-3) are present in cord blood as early as at 22 weeks of fetal life, and that gestational age is a determinant for the adipokine profile in cord blood. Indeed, PTN have higher sOB-R, resistin, and IL-6 levels and lower IGF1, IGFBP-3, leptin, and adiponectin levels than FT newborns, with gestational age being the main predictor of adiponectin levels. Fetal growth restriction also influences these peptides as SGA babies had lower IGF1, IGFBP-3, leptin, IL-6, and adiponectin levels and higher sOB-R and total ghrelin levels than AGA newborns, with neonatal weight correlating positively with IGF1 and leptin levels and negatively with total ghrelin, independently of gestational age. Finally, the negative correlation between HOMA and gestational age, independent of birth weight and the higher HOMA index displayed by PTN, emphasizes the importance of prematurity and AT development in glucose metabolism even in early fetal maturation.
Our findings novelly extend the study of these peptides to a younger gestational age than previous studies, originally showing gender-related differences in the leptin/sOB-R axis status in FTN as in adiponectin levels in early fetal life. This last finding, next to the main effect of gestational age in determining adiponectin levels, suggests a potential role for adiponectin as a marker of the degree of maturation and development of fetal AT.
The increase in leptin levels with the progression of gestation has been postulated as a direct effect of advancing gestational age (16, 17) ; nevertheless, it is thought to be mainly due to the quantitative increase in AT acquisition by the fetus throughout pregnancy (18) (19) (20) , which is supported by the lower leptin levels and free leptin index found in SGA newborns, as by the positive correlation of leptin levels and free leptin index with birth weight, independently of gestational age (whereas their correlations with gestational age disappeared when controlling for birth weight). Hence, leptin levels may be a better indicator of the amount of AT in the newborn rather than of its level of maturation, as previously suggested (21) .
There are contrasting reports concerning the existence of higher cord blood leptin levels in female newborns. Interestingly, the studies showing this sexual dimorphism were performed exclusively in FTN (19, 22) , whereas it was not found when the studied cohort included PTN (18) . Our findings confirm both observations, with no differences in leptin levels found between sexes when the cohort was analyzed as a whole or in PTN separately, but with female FTN having higher leptin and free leptin index than male FTN. Thus, this sexual dimorphism in leptin levels seems to be a late gestational event and, in the absence of differences in weight or ponderal index, points towards a higher fat content in females than in males already in late pregnancy, as shown at birth and throughout extrauterine life (23, 24) . sOB-R levels behave in an opposite fashion to leptin levels at birth (25) , as in later stages of extrauterine life (6) . The higher sOB-R levels found in SGA newborns are in agreement with this statement and suggest that fetal weight is a main determinant of cord sOB-R levels. The sexual dimorphism for sOB-R observed in FTN was previously reported as a nonsignificant trend (25) . However, the higher number of newborns included in our study may explain our observation that FTN males had significantly higher sOB-R levels than females, which reinforces the hypothesis of enhanced leptin availability and body fat content in female FTN.
The changes in leptin and sOB-R levels result in an increase in leptin bioavailability during the final stages of the gestation, in parallel with IGF1 and IGFBP-3 levels. This has been suggested to be a signal of adequate weight gain (20, 26) . The positive independent correlation of IGF1 with neonatal weight and the lower IGF1 and IGFBP-3 levels in SGA compared with AGA newborns found confirm previous reports by our group (9) , and reinforce the postulated role of these peptides in prenatal growth control. Moreover, the leptin axis could already be acting as a self-control mechanism to avoid excessive fetal growth at the end of the pregnancy, with the low free leptin index found in SGA newborns constituting an adaptive mechanism to fetal growth restriction.
Total ghrelin levels did not differ between sexes or between PTN and FTN and no correlation with gestational age was found, which confirms reports from our group (27) and others (28) (29) (30) . Here, we extend this finding to a wider gestational age, as a high number of newborns below 32 weeks of gestational age were included in this study. In addition, we confirm the previously reported negative correlation between total ghrelin levels and birth weight (27, 28) , which remained significant when PTN and FTN were studied separately. Furthermore, total ghrelin levels were higher in SGA and had a weak but significant negative partial correlation with IGF1 levels. Together, these data suggest that ghrelin already has a functional role in late pregnancy, acting to favor a positive energy balance under fetal growth restriction, and that total ghrelin levels are regulated through a negative feedback system by fetal weight and, maybe, IGF1 (31) .
Acylated ghrelin levels did not differ between sexes, PTN and FTN, and SGA and AGA newborns, with no correlations observed between acylated ghrelin levels and gestational age, birth weight, length, or ponderal index, as previously reported (32) . The negative correlation previously described between acylated ghrelin and IGF1 levels in FTN (33) disappeared when controlling for either gestational age or birth weight. A precise role for acylated ghrelin during pregnancy remains unknown, although the early changes in acylated ghrelin levels that occur after birth in PTN (34) suggest a possible role for acylated ghrelin in the adaptation of the newborn's metabolism to extrauterine life.
We demonstrate that gestational age has the greatest influence on cord blood adiponectin levels, ratifying previous reports (35) . Indeed, the lack of correlation between adiponectin and birth weight when controlling for the effect of gestational age strongly suggests that gestational age has a greater effect than fetal weight (36, 37) on cord blood adiponectin levels. As adiponectin is only produced by mature adipocytes and not by its precursors (5), these results suggest that this peptide may be the first reliable marker of AT maturation.
Nevertheless, the low adiponectin levels found in SGA newborns in our cohort and by others (38) and the fact that the increase in its levels occurs during the third trimester, coincident with AT accumulation, do not allow the increase in adiponectin levels to be attributed exclusively to fetal maturation, thus suggesting that the increase in fetal weight also influences cord blood adiponectin levels. This increase in adiponectin levels with fat mass gain is opposite to that described in adults (39) , indicating that the negative influence of fat mass on adiponectin secretion must be absent in the fetus. This could favor the relatively higher adiponectin levels when compared with adults and could be beneficial for fetal glucose disposal due to the insulin-sensitizing effect of adiponectin, although this effect remains to be fully established in intrauterine life. The mechanisms regulating fetal adiponectin secretion are unknown, although the lower body fat content of the newborn compared with children or adults and the limited adipocyte hypertrophy and predominant increase in adipocyte number in the newborns have been suggested as possible causes of these differential dynamics of serum adiponectin in the newborn (40) .
In FTN no gender differences in cord blood adiponectin levels were found in accordance with previous reports (40) . In contrast, female PTN had significantly higher adiponectin levels compared with their male counterparts. This could suggest that maturation of AT (41, 42) . The very recent finding of higher high molecular weight adiponectin levels in female FTN cord blood compared with males could be another indication of advantages of females regarding the acquisition and functionality of AT during gestation (43) . The higher resistin levels found in PTN contrast with the results by Ng et al. (44) , although they are not directly comparable as the latter come from post-natally collected samples. Our data are consistent with those in the literature showing higher resistin concentrations in cord blood than in adulthood, with stress and infections proposed as possible causes for these differences (45, 46) . As resistin stimulates IL-6 and TNF-a synthesis (47), the positive correlation found between these three molecules could indicate their parallel increase in a proinflammatory environment. Furthermore, as there are no differences in resistin levels between SGA and AGA newborns (48) and its levels show no correlation with weight or parameters of carbohydrate metabolism, it is difficult to speculate on any other specific role for resistin in fetal physiology.
As IL-6 and TNF-a are involved in immune mechanisms, both stress and infection highly influence their serum levels (49) . Interestingly, the innate immunity of the human newborn is polarized toward a high ratio of IL-6/TNF-a production (50) . This could underlie the differences in IL-6 levels between PTN and FTN found in our cohort, as well as in a previous report (16) , whereas no differences in TNF-a levels were seen. In addition, the lower IL-6 levels in SGA regarding AGA infants might be related to their lower fat content, as AT produces up to the 30% of circulating IL-6 (2).
The higher glucose and insulin levels and HOMA in PTN and the negative correlation between HOMA and insulin levels and gestational age, independently of birth weight, are in agreement with a degree of insulin resistance associated to prematurity. This could be due to the reduced amount and immaturity of their AT. Thus, as occurs in pathological lipodystrophies where AT is greatly reduced, higher insulin levels are required to induce glucose caption by peripheral tissues, suggesting a situation of 'physiological lipodystrophy' in PTN. This could help to explain why insulin infusion is sometimes necessary to stabilize glycemia in PTN (11, 51) . Newborns have greater fluctuations in glucose and insulin levels compared with adults; this could explain the weak correlation coefficients found between gestational age, insulin, and HOMA index, and the lack of correlations between HOMA and any of the adipokines or ghrelin levels. Moreover, despite that a previous report did not find differences in cord blood insulin levels when considering possible maternal and/or fetal stress confounders (mode and urgency of delivery, infection, or fetal distress) (52), our study does not allow us to rule out their possible effect on cord blood glucose and insulin levels, and they could influence the distribution observed in the parameters of carbohydrate metabolism.
In summary, our results demonstrate that both gestational age and newborn weight are major determinants of cord blood adipokine profile, whereas fetal growth restriction also influences ghrelin levels. In addition, we have shown how adiponectin levels are mainly determined by gestational age, whereas the influence of birth weight is greater on the leptin and IGF1 axes. Furthermore, the higher adiponectin levels and leptin availability found in PTN and FTN females respectively suggest earlier maturation of the AT in female fetuses and greater later acquisition regarding males. Finally, the shortage and immaturity of AT in PTN determine a situation of physiological lipodystrophy, which could favor insulin resistance in prematurity. On the basis of these findings, we can conclude that the lack of proper acquisition of AT by the fetus either in prematurity or in fetal growth restriction is associated with changes in the cord blood adipokine profile and ghrelin levels that may impair their glucose metabolism and metabolic adaptation to extrauterine life.
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